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Addenda and Errata
to

METAL COMBUSTION PROCESSES

by
Irvin Glassman

ARS Preprint No. 938-59
AFOSR T.N. No. 59-I
Princeton University Aero Eng'g Lab Report No. 473

Pg 6, line |7 After the word "oxidizer" insert "at the flame front".
line 18 After the word "oxidizer" insert "at the front",

line 24 After the word "flames" insert the following sentence.
"The fact that the oxide condenses simplifies the
diffusion equations generally used in droplet analyses."

line 24 Inser; the word "the" before "metal".
line 26 Change last word to "Thus".
Pg 7, line 2 1Insert word "curve" after "distribution",
line Ié After "metals" insert "or metallized solid propellant",

Pg 8, line 19 After the number "1100°K" insert the following sentence
in parenthesis "(At this temperature the vapor specie

above a B-B203 mixture is more correctly written as the
complex molecule Bo0p (93)",

Pg 9, line l4ff Change stoichiometry of the equation to

L s ALW) B AL O ALD ()

The paragraph following should read: "Farber lists the
value of A H® (25°C) for Al 0 (g) as -34 kcal/mole.
Since the AH{® of Al203 (S) is -399 kcal/mole, the
above reaction is highly endothermic and thus limits the

temperature. Since BO has a A H{® of only -5.3 kcal/mole

a similar situation exists for boron. It is obvious for
metal oxides which decompose into elemental metal vapor,
metal suboxides and/or oxygen atoms,"
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10, line & After end of sentence insert the following sentence. &
"A |list of the major specles for the vaporization of »
metal oxldes under varlous conditions is given at the

end of Ref. 93." A
line 17 Insert "adiabatic" before "temperature". %j&%
Lo
line 18 1Insert "in oxygen" after "aluminum", " R B -
T v s
12, line 10 Insert "and physics" after "chemlstry", Q,.W & & o .
14, line 10 Insert "burning" before "droplet". g
w% o -
line I5 Last word should read "partial", ) L
w @
line 23 After "coefficient" add "relative fo the me+al" Ei; :g L

equation........ " instead of "..... +..To the

I5, line Il  Should read "........reduces to a more slmplifﬁ % o %
equation........". |

17, line 14 Should read "........pressure of the oxygen prese%%h
that is Poz,C' instead of "........ that is Po 8

line 17 Change "of" to "on".
line 20 Change 'good" to "valid".
18, line |7 Insert "generally" before "is",

line 19 Should read "..... ...should have flame fronts close
t0veessess' instead of "........should be close
W naaacoanc

last line Insert the fol lowing sentence. "In fact, if one assumes
that the thermal conductivity of the metal vapors are
approximately the same, as a rough approximation, one
could postulate that in the initial burning phases that
the separation distances between the flame front and the
metal surface for aluminum and sodium flames are relatively
of the same order; that beryllium flames have a separation
distance a factor of 4 less than that of aluminum; lithium
a factor of 2 less; magnesium a factor of 3 greater."
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Pg 19, Table III

~* Pg 20, Paragraph 4

v
Heading of Coiumn 7 should read "T,'. Add a coiumn 12,
with heading and values as follows:

Tmo~ Ty

Eiement H
Be 0.08
Li 0.i6
Al 0.34
Mg i.id
Na 0.32

£eHe 27.0

At the end of paragraph 4 add the reference ietter (k).

Add "initially" atter "but®,

last line

Pg 23, line I8 Change "alkylated compound&" to "liquid alkyiated metal
compounds".

Pg 24, line 2 Change that part of the sentence beginning "less oxide
deposition........" to "iess oxide deposition may or
may not be a great oversimplification, for nucleation
products appear to be of the order (I,m) of O.| to | &
In diameter and the particles must diffuse a distance
of the order of 100 to 1000 particie diameters."

N Add the following references:”

k. Giassman, I., "The Stability of Propellants and the Theory of Thermai
a Ignition", Princeton Universify‘Aerqygng‘g Lab Report No. 460,
'AFOSR TN 59-586, ASTIA AD No. 217 i85) May, i959.

I. Setze, P. C., "Liquid Boric Oxide Particie Growth Rates in a Gas Stream
from a Simulated Jet Engine Combustion Chamber", NACA EM 551 2Ca,

. Aprii 30, 1957,

.

m. Schreier, S., "The Effect of a Condensed Exhaust Phase op Rocket )
Performance", M.S.E. Thesis in Aero Eng'g, Princeton Unlyersity, 1956,

Add the foiiowing to the bibiiography: : 9

» 93, Inghram, M. G., and Drowart, J., "Mass Speciroscopy Applied to High@
Temperature Chemistry", Advance Papers of an Internaticna! Symposlnﬁ
on High Temperature Technoiogy, Asiiomar, Caiif., Oct. 6-9, 1959,
arranged by Stanford Regearch Institute, Menlo Park, Calif. This
manuscript contains 137 references. many of which are pertinent to
metai combustion phenomena. : 3§
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94,

95,

Kbngery, W. D., "Oxides for High Temperature Applications", ibid.

Ackermann, R, J., and Thorn, R. J., "Reactions Yielding Volatile
Oxides at High tpmperafures", XVl Congres International de Chemie
Pure ef Appliquee, Paris, 1957,
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AR STRACT
| |
Since the light metallic elements undoubtediy will play a greater
and greater role as propeliants in advanced chemical and nuc|ear-chemicai
propulsion systems, interest in their burning characteristic is increasing.
Presented-trere-are some preiiminary conclusions on burning characferlsficgfgsgsgkq£
These conciusions a;; based on fundamental| physical considerations and
not on experimentai results. An anaiytical approach to caicuiate the

burning rate of metais is also suggested. This approach differs from

the diffusion-dropiet approach in that it includes radiation feed-back

and loss terms, Such terms can be important at the high temperatures
of the diffusion fiim surrounding a burning metal.

The verification of many of the postulates given in this report
can be carrijed out ideally at some later date on the high pressure double ‘

rocket motor fiow reactor deveioped under the subject contract.

-
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METAL COMBUSTION PROCESSES'

Irvin Glassman?
Princeton University, Princeton, New Jersey

I. INTRODUCTION

Interest in artificiai light sources for photography and metallic
dust expiosions stimuiated early work on the combustion of metals. Recent
endeavors to obtain higher performance with rocket motors (a)> and ram

engines (b) have led many propellant engineers to formulations which contain

" certaln metallic elements in some form. The addition of aluminum powders to

solid propellant combinations has given high specific impulse and beftter oper-
ating characteristics (a). However, aluminum is not necessarily the oniy
metallic element of interest to the propulsion engineer. An interesting

presentation cf which substances may be best as propellants has been givan

by Carpenter (c) and is shown in Figure i. 1n this figure there is piotted the

heat of combustion in Btu per pound of fuel and oxidizer versus the atomic
number, Slince the flame temperature is related to the heat of combustion and
in rocket motors both fuei and oxidizer must be carried, this plot gives some
idea as 10 the relative effectiveness as propeliants of various eiement< and
compounds formed from these elements. Of course, the molecuiar weight of the
produégs of combustion is Important, as weil, and this consideration must be
taken in account, Although this graph is based upon oxygen as the oxidizer,
the reiative order would not be effected too greatly by selection of another

oxidizer. .One shouid note that most compounds wili give a heat of combustion

i. The author's work in combustion is supported by the United States Alr
Force Office of Scientific Research of the Air Research and Development Command
under Contract AF 18(600)-i527,

2: Associate Professor, Department of Aeronauflcal Engineering; Member, A.R.S,

3. Lower case |etters appearing in parentheses refer to articles iisted in
the references at the end of this manuscript; numbers appearing in parenthesis
refer to articles appearing in the bibliography which follows the references.
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between the points representing the elements from which they are constituted.
Immediately, one can see for propeliant conslderations what compounds con-
talning elements with atomic numbers greater than 14 are of no concern, for
such compounds could not compete with gasoiine, and thelr products of com-

bustion undoubtedly would have high molecular welghts. The prominence of

"cerfain of the metallic elements as propellants Is accentuzted by a plot of

this type and the fact that many have a higher heat of combustlion than hydro-
gen Is not generaily realized. It appears that the use of the elements, or
compounds containing |ithlum, boron, berrylium, aluminum, magnesium, and sill-
con as p[gpellaniﬁgddLLLyes couid be mos* attractive. However, although
these propel lants will give high flame temperatures, their burnlng'raTe and
other physical characteristics must be such t.at the efficiency and operating
characteristics of the propulsive device are not impaired.

Figure 2, also taken from Carpenter (c) makes a similar compar ison
for alr breathing engines In which the heat of combustion in Btu per pound of
fuei Is most important. From this figure likeiy fuels could be formu lated

from slurries of the elements, or compounds containing boron, aluminum, and
AL

magneslum, Much of the same consicderations discussed above hold here as well.

A relative rating of varlous compounds based on the heat of combus-

tlon per pound of fuel and per pound of fuel and oxidizer Is given in Table I.

Hydrogen which has the highest heat of combustion per pound of fuel ranks
sixth when compared on the basls of Btu per poqnd of fuel and oxidlzer. How-
ever, the molecular weight of the produc' s of hynggggzcocke# comb Inations

Is low compared to the effective molecular weight of the products of the
other substances and thus hydrogen fares much tetter on a speciflic Impulse
compari{son., Actually Table I simply specifies which metals would be most
likely as additives to hydrogen and other CHN fuels. In conventional systems

metals themselves as fuels would give prohibltlvely high molecular weight




TABLE I

HEATS OF COMBUSTION OF VARIOUS SUBSTANCES IN OXYGEN

Btu/lb
Eual Product Btu/lb fue] f_q_gL (fuel ¢+ oxygen)

I. Hy HO () 61,000 Be 10, 550

‘ 2. Be BeO 29, 400 Ll 8,640

3. B B0z 25, 400 B 7,900

4, CH, Co,, H,0 () 24,000 Al 7,080

5. CoHy C0g, Hp0 (£ 21, 400 Mg 7,000

| 6. L1 Li50 18, 500 Hy 6,780

it 7. © r0p 14,100 Si 6,300

, 8.  si 510, 13, 500 CHo 5,250

} ' 9, Al Al 0 13,400 CH, 4,800

i - 10. Mg MgO 11,600 Ti 4,550

. . T Tij05 6,820 c 3,840
1
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products, most of which would condense in the nozzle. However, gains In
performance can be obtained with the addltion of the metalllc elements and
thus increased attentlon should be glven to the combustion of metals and
related processes.

Undoubtedly metals added to soiid propellants are consumed by
diffusion flames. It can be postulated, and more will be said about this
subject later, that the flames surrounding the burning metal particles re-
present temperatures much greater than the equilibrium adiabatic combustion
femperature of the complete prope!lant formulation, Fquilibration must take
place after condensation of the metallic oxide and in later flow stages of
the motor chamber. Metals added by liquid slurries should follcw the same
pattern.

Ccmpounds containing metallic elements may reach a more complete
oxidlzed state by one of two procedures. The compound can be attacked and
oxidlzed in the same way as a hydrocarbon, or the compound may decompose Into
the metallic element and chemical fragments. The metal particles formed then
burn as diffusion flames. In all like!ihood, most, but certainly not all,
alkylated metal compounds or polymers will follow the latter procedure. Those
compounds oxidized in the same manner as ordinary hydrocarbons are not of

interest here; however, those which lead to metal diffusion flames are.

II. THE METAL DIFFUSION FLAME

The combustion of solid materials can be divided into two cata-
gories--the metals and the non-metals. The non-metals include for the most
part carbon and the solid hydrocarbons and there are no great distinguishing
features that make the combustion of these materials any different from the
combustion of liquids. 1In {act the categories could be better defined to

distinguish between those materials whose combustion products have very low
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bolling points and those which have high boiling points. The metals have
the high bolling point metallic oxide as their products and thus have flames
which exhlbit certain unique or distingulshing features. A iiquid such as
an alkylated metal compound would fall in the same catego~y as the pure
metal since thls liquld wouid have a high bolling oxide as a product. The
temperatures that can be obtained with the combustion of metais appear +to be
lImited to the vaporization temperature of Thé metailic oxide product, whether
the oxide decomposes on vaporization or not. This conciusion is reached since
the heats of vapcrization or decomposition of the oxide are equal to the heat
of reaction of the metal and oxidizer at the vaporization temperature. Even-
tually when the products of a metal flame diffuse to a cooier zone they ccn-
dense.

0f course, the vaporizaticn and condensation temperature varles with
the pressure, and for those compounds which decompose the temperature which
can be reached wiil also te a function of the oxygen concentration. Thus, one
should judge the temperature reached from the equilibrium process which re-

presents the vaporization dissociation process, i.z.

Mxog-(f) — X M(3)+—30 (3)
3 X, e[ P " d
k, = () (0[]

where M represents any metallic elemenf,jiﬁVis the total number of gaseous
moles, and P is the total pressure. One sees that as the pressure rises and
the oxygen (or oxygen atom since whichever exists is correct for the argu-
ment here) concentration rises the reaction must shift to the ieft. More
jiquid thus 'Is present and therefore higher temperature can prevail before
the iiquid wll| decompose.

.Diffuslon flames of ordinary liquias or so!ias generaiiy are de-
scribed by the double fiim picture (d), as depicted in Figure 3. Heat

diffuses from the flame front B to the particie surface A. The fuei vaporizes
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or sublimes and diffuses from the surface A to the flame front B. Oxygen
dlffuses from some position C (which can be taken at infinity for a stag-
nant atmosphere), toward the front B. It is assumed that no reaction takes
place until fuel and oxidizer reach B, that they meet here in stoichiometric
portions and that the reaction takes place inflnitely fast In an infinitely
thin layer. Obviousiy, the Infinite reaction rate concept cannot be a true
one, but analyses developed from this picture have teen successful in pre-
dicting many characteristics of liquid diffusion flames, including the burning
rate of the fuel (e), More complex anaiyses (f) which include finite re-
action klnetics, but ignore inflammability !imlf considerations, do not too
greatly alter the basic picture, and in fact, predict the same burning rates
as the simplified approach.

Generally there are then some disfinqtive}dlfferences which must be
considered between a metal diffusion flame and those fiames having only gas-
eous products. In the metai flame the temperature at the front is known and,
as defined previously, taken as the vaporization temperature cf the metal
oxide. However, as will be shown jater, the partial pressure of the oxidizer
is not known. In the ordinary liquid diffusion fiame, the partial pressure
of the oxidizer is specified since the basic assumption is that the fuei and
oxidizer meet in stolchiometric proportion and as a consequence the flame
temperature at the front must be calculated. :

The second distinction of the metal diffusion flame is that a
condensable oxide |s formed. As mentioned cariier the formation of the
oxide reglly establishes the basic difference between metai dlffusionif lames
considered here and other liquld or soiid diffusion flames,

There is, however, another characteristic of metai flame which is
worth noting and which may be very‘lmporfanf. Generally the temperature in
pure metal combustion |s so high that there is ionization in the front. So

there exlsts In the fiame front a compiex of ions, electrons, and neutral
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species (60)., This compiex produces a high emissivity In the ulfra violet
(€9). Since the peak of Planck's radiant energy distribution shifts to the
ultra violet for these high temperatures, the emissive radiant ensrgy of
such a flame is very high. In :mst considerations of diffusion flames it
Is the heat which |s conducted back from the f{ame through the fuei vapor
which raises the temperature of the droplet to the vaporization temperature,
vaporizes the fuel, and heats the vapor. It would appear then with high
emissivities and high temperatures (particularly at high pressures which
cause high oxide vaporizaticn temperature} that radiant energy processes in
metal flames couid piay an important role in determining the metal burning
rate. The reflectivity of the molten metal surface receiver could then be
of Import and in fact it Is possible that the surface condition of the burning
metal could play an Important part ir determining its burning rate. There can
be, of coyrse, a radlant energy loss as well, and in fact (if the metal .is
burning In an infinite medium which acts as a black body recelver) this ioss
can be greafer than the amount radiated to the metal surface., For metal-
lized solid propeliants burning in an internal burning grain, there wouid be
no radiant energy loss since the energy would be radiated back to the propel-
iant. For metais strands, however, burning in strand bombs, there would be
a definite radlan% energy loss.,

Now that the distinction between metal diffusion flames and iiquid
droplet flames has been made, certaln physical characterlstics of metal

combustion wili be examined.

ITI. THE METAL FLAME TEMPERATURE *

Brewer (2) reports that under hlghly oxldlzing conditlons to almost
neutral conditions the metal oxide molecule (represented as MxOy) s the main

vaporizing species for all the alkaiine earth oxldes except BeO, which decom-

et e el e e
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poses to the elements upon vaporization. SrQ and Ba0 are more important than the

elements even under neutral conditions and under reducing conditions all the alkaline

earth oxides vaporize predominately to the metal atom vapor. From the description

of the diffusion flames given earlier, it was pointed out that for analysls purposes
the fuel and oxidizer merge in some proportion and react in a definite front. More
realistically, the two begin to react prior to reaching the analytically prescribed
proportions and do react whenever a ratio of fuel vapor to oxidizer suitable for re-
action has been reached. The largest majority of the metal then is reacting under
reducing conditions. Since the metal oxide which ls formed would decompose to the
elements as suggested by Brewer (2), higher concentrations of oxygen would be found
which further prevents the diffusion of oxygen to the reaction zone. Thus, it ap-
pears that the reaction of metal vapors in dlffuslon flames will be under reducing
conditions and the product oxide formed wili decompose upon vaporization, Decom-
positicon upon vaporization then |imits the flame temperature to the vaporization
temperature of the oxide.

For boron, Brewer (2) shows that from the spectroscopic dissociatiorn
energy of BO that B203 cannot vaporize as BO. However under reducing conditicns
B0z will vaporize as BO. For example, a mixture of B and B203 shouid produce
a | atmosphere partial pressure of BO at 1100°%. BO is stable enough that even
the most stable oxides can be reduced by boron under vacuum conditions. However,
the B - Bp03 condition I35 that which exists in elemental boron diffusion flames

and here too evidence shows that the flame temperature must be the vaporizaticn

‘temperature of the oxide B,Os.

Brewer and Searcy (la) investigated the Al - Al203 system in an
effusion ce!l. From the vapor pressure measurements they obtained a boiling
point of 3800° * 200%K for Al,0s. Farber (26) reports that their evidence
tor this dissociation of Al,05 to Al,C and AlO at high temperature has been subctan-
tiated by others. Alzo ic the product in a reducing atmosphere and AlO in an

oxidlzing atmosphere. From thermodynamic calculations, Farber was abje

t
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To show that near the bolling point the decomposition of Al0s is very con-
siderable. Here too then is the |imiting vaporizatton temperature effect.
Farber also showed thermodynamically the extent of decomposition of Al0+
under varlous atmospheres and conditions which can exist in propellant flames.

In the presence of CO and H,, Alj0z starts to dissociate appreclably at femp-
eratures about -3000°K,

However, the author believes that these reactions with CO and H>
are only of import In later stages of propellant flames when fﬁe aluminum
particles have burned already as diffusion fiames. The diffuslon of CO and
Hp tfo the burning metal particle will not be as great, of course, as the dif-
fusion of oxygen. Small equilibrium concentrations of those speéies will be

built up through the complete diffusion flame zone. More |lkely the impor -

tant reducing reaction would be

QLAL+AL 0, AL 0 *+ O

Farber lists the value of AHfO (25°C) for Al0(g) as -34 kcal/mole. Since
the AHfo of oxygen atoms is 59 kcal/mole the decomposition-vaporization re-
action consumes about all the energy of formation of the Al0z and the tempera-
ture must be |limited as much. Since BO has a AHfo of only =5,3 kcal/mole the
same sifuation exists for boron, It is obvious for metal axides which decom-
pose Into elemental metal vapor and oxygen atoms.

Thus, until evidence is put forth to the contrary, it appears safe
to establish the vaporization temperature of the metal vapor oxide as the
adlabatic flame temperature in a metal diffusion flame for large grouns of
metals, The groups which fall in this category are:

(a) Alkali metals, which include Na, K, Rb, and Cs. LI which is

also In this group may have a stable gaseous oxide. However,
this is yet to be determined positively.

(b) Alkaline earth metals, which include Be, Mg, Ca, Sn, and Ba.

-—-‘
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(c) Boron-aluminum group which includes B, Al, Sc, Y, and La.
Gaseous sub-oxides exist for these groups.

(d) Titanium - zirconium

(e) Manganese

(f) Iron group, which includes Fe, Co, and Ni.

(g) Zinc group, which includes Cd also.

(h) Silicon
As more data appear, each metal-oxygen system must be evaluated independently.
Table II taken from Grosse and Conway (42) lists properties of the metals
and metal oxides and the melting and boiling points. Consequentiy, the boiling
point temperature of the oxide may be taken as the combustion temperature.

The dissociation reactions which limit temperatures obtainabie are
all affected by the pressure. Naturally, as the pressure is raised the dis-
sociated products wiil reassociate as given by the Le Chatelier's principle.
Examination of the equilibrium constants for the vaporization dissociation
step readiiy shows that the vaporization temperature increases with an in-
crease in pressure. It is estimated that at i000 psia the temperature of

burning aluminum would be about 5900°K,

IV. BURNING CHARACTERISTICS

With the establishment of the criterion that the boillng point of

metal oxide is the metai flams temperature, certain other conclusions as to

~ the character of the metai diffusion flame may be drawn. These conclusions

are based on certain physical properties of the metais themselves.

If the vaporization temperature of the oxide is greater than the
vaporization temperature of the pure metals, then the structure of the dif-
fusion flame would be much iike the double film concept applied to liquids.

However, if the vaporization temperature of the pure metal is greater than

| — —— T & e
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TABLE II '
NORMAL MELTING, AND BOILING POINTS OF METALS AND THEIR HIGHER OXIDES* !

|

|

!

Element Element Melting Element Boiling Oxide A&H? Oxid? Oxid?
Foint, T % Polnt, Ty °X A h e
{ o K Tyo K
E: Li 460 1640 Li,0 -146.6 2000 2600
E B 2570 2820 B0, -305.4 720 2520
: Na 370 1150 Na0 - 99.4 1193 1550
g- Mg 920 1370 Mg0  -143.7 3075 3350
%_ Al 930 2720 Al,05 =400.2 2323 3800
i, K 330 1030 K,0 - 86.4 800 1750
ii . Ca 1120 1960 ca0  -I51.7 2860 3800
i{ Ti 2000 3530 Tio05 =-363.0 2400 3300
:E zr 2120 5770 zr0, -261.8 2960 4570
‘Z; : Be 1550 3240 BeO  -143.7 2820 4530
Tf Si 1700 2870 Si0,  -210.2 2000 2500 {
|
I

| at high temperatures, the author wishes to point out that the data presented
13 throughout this paper are the best he could find in today's literature. Since
’ most data were used for relative comparisons, no effort was made to give
statistical deviations from the values reported. Such deviations in many
cases can be large.

1
4
ir ) * Considering the basic uncertainties in the thermodynamic and physical data
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the vaporization temperature of the oxide, then reaction cannot take place
in the vapor phase but must take place on the moiten surface at some tempera-
ture lower than the vaporization temperature of the metal but about that of
the vaporization temperaturs of the oxide., The approach used to calculate the
case when TM5;>TM Is somewhat similar to that used for |lquids and the dls-
tinctions between the two were discussed In the previous section. From Tabile
IT, It is found that Li, Na, Mg, Al, Ca, K, Be, and Si fall Into this group.
When Ty»>Tyy then the oxide accumulates on the molten metal sur-
face. The procedure for calculating the burning rate In this case becomes
much more compiex, The rate may be determined by the surface chemistry or by
the diffusion rate of the oxidlzer through a solid oxide fiim, B, Ti, and Zr
fall Into this group. The character of the film can be different according
tTo The‘physlcal properties of the oxide. If the oxide has a iower density
than the moiten metal, then it will float on the surface and oxygen must reach
the raw metal by crevices or openings formed due to oxide running off the sur-
face, cracking due to expansion of the |iquid, efc. However, if the oxide is
lighter than the molten metal, but solubie In the metal, then some metal
wouid always appear on the surface. If the oxide |s more derise than moiten
metal, it would sink through the moiten surface and keep a metal surface ex-
posed to tha oxlidlzer. Physical Intuition would suggest perhaps that the
burning rates of the metais would fall generally in categories according to
the descriptlons glven above; l.e., those metals whose oxides are heavier
than the molten meta! would be the fastest; those which are |lighter and soiu-
ble, next; and those which are lighter but not solubie, the slowest. Further
metals which fall In the case TM5;>T@’should burn faster than those in which
'HX>TM5. Thus, under the same conditions Al and Mg should exhibit faster burn-
ing rates than B, Ti, or Zr. Because the physical plcture of metais in whick
TM5}>T“ Is the only clear one, anaiyticai determination of the burning rates

of thls group alone will be treated here,
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The first analytical attempt to determine the bqrnlng rate of
metals taking Into consideration that the oxide vaporizaticon iemperature
estab)|Ishes the flame front temperature was due to Coffin (77). Coffin,
however, neglected the possiblility of radiant heat transfer processes. The
calculation of burning rates, when radiatlon Is included, is extremeiy dif-

ficult. Nevertheless, the form of the resulting expressions can indicate the

importance of various physical and chemical parameters. Given below is the
development of Coffin and Brokaw (37) foi the burning of magneslum; thls de-
velopment is modified to take into account radiation effects,

Coffln replaces the flame front of Infinltesimal thickness used in
the regular double fiim concept by a high temperature zone of dlffusion and
f‘ reactlon at the bolling point of the oxlde. Pictorially this model is re-
E. ported in Figure 4 and could be thought of as three films. .Mg0 condenses out-
, slde the high temperature zone and it is assumed that this product cannot dif-

fuse +?uard the dropiet.

ﬁ The hlgh temperature zone BB' Is one of constant temperature. The
oxygen concentration Is zero at B and‘some unknown value of B'. Inside the
zone Mg0 can exist and dlssociate to the elements. At B', Mg0 condenses com-

pletely.

l In the AB region, there is not net flow of any component except
1 fuel. Products are assumed to pass outward. The energy equation in zone AB

Is then

L, . ’ . , 9[37'
v %[A H t L +HM9_ Hms)Aj 1/77'/’( %Aﬁ d% + ﬁG. n
where Ws = fuel mass transfer rate, moles/sec

AH = sensible heat of fuel to the bollling polnt, cal/mole

LY = latent heat of vaporization, cal/mole
H = enthalpy, Including chemical energy, cal/mole
radlus from center of particle, cm.

>
"
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k = thermal conductivity,zal/cm sec °C
T = temperature, °C or °K
Rg = a radiant eneréy term
The on!yydlfference between this equation and that of Coffin and Brokaw is
the term Rg. Rg Is a function of the emissivities (5;) éfg) and the absorbing
characteristics of the Mg vapor in AB. For a droplet system the area S at A
and at B enter in the radlation term, however, In a strand burning aiong the
cyiindrical axis Equation | would be deveioped by a one-dimensional approach
and the area cancels throughout all equations.
For a droplet, though, and particuiarly for most metals, Sg-Sp Is
so smali that Sg=Sp and thus the solutlon of the final equations is simpli-
fied. The actual c;ndl+lons in BB' are such thatf B?fl, as discussed in Sec-
tion I1I. & A Is affected by the refiectivity of the surface, and if the
mojten surface Is highly refiective EA coulid be of the order of a tenth.
Nevertheless TB4--TA4 Is so jarge, at high values of pressure.and oxygen parti-
cle pressure that it wouid appear the radiation term stili couid not be
neglected. Thus, the physical condition of the surface of moiten metal can
be of somn [mportance in determining its burnlng-rafe.
In the region B', oxygen dlffuses inward, and the Mg0O floats out.

The energy equation in this zone Is

C«J*LQ.*/‘\,&(HO&‘ #o,)( )_mﬁ?IO (HM:O—HI{ gc )]= VF.KJ%B:_ ://77 * (L (2)
where Q = heat of combustion at reference temperature, cal/mole
n = stolchiometric coefficlent
RL = a radiant energy term
R, is a term which enters only in droplet or strand burning tests and is a

radiation loss to the surrounding.*

* The Infroduction of the terms Rg and Ry Is similar to the suggestion of
Summerflield (g) that such terms should be infroduced In determining the
burning rates of ‘composite propeliants.
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Coffin and Brokaw do not Include this Ry term elther. If the particles are
burring In an internal burning solid propellant grain, the energy Is trans-
mitted back to the grain and is not lost. Since most baslc experiments are
performed with spheres or strands, this term should be Inciuded when compari-
sons are made between experiment and theory. Since the energy is accepted by

an infinlte absorbing atmosphere or cold walls, R, can be written, then, as

R, =a 875"
where O is the Stefan-Boltzmann constant. Agaln for this term it Is assumed
that Sgr = Sg =75,

Because of the condensed pfoducf, the diffusion equation for oxygen
general |y used for other systems reduces fo the equatlon for the diffusion of
oxygen through a stagnant film of ambient Inert gas

ﬁ/_& = Doz P C/é ’
2% ,97/,0_%, e L
Ba

where D = diffusion coefficient, sq cm/sec
P = total pressure, atm
p = partial pressure, atm
R = universal gas constant

The diffusion equation fof oxygen and the energy equation for the

outer zone B'C, combined-and integrated, !s

0y (R f AT
m—,gd L e ,.[Q*’" (be; o c 1t Sl - My A=

In the hlgh temperature zone BB' the energy equaf!on as urlffer

(5)

by Coffin Is

Wi, By *%H *Wmao nyo ™ Wty = ®

B e

% lﬁb
t
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and the continulty for each specles is

CQ tu/Qz r 524%9 0 =0 o

+ /d/” Y :A{‘ (8)

Combining with the energy equation

Wma(H'g. HMq) '2‘1/0_;(//%0 /il)"a 2-/03) o
Wy == 2y, (Bt~ 505 )

J A H +L'+/¥;; -/5’»;4
Wﬂé = - X0 W, (93
#/'76,0 = #-:Fo - 3’: Hoz equals the heat of combustion of Mg at Tg

to form condensed Mg0 at the bolling point for the given conditions. Then
U = - AO+1) W,

At atmospheric pressure O for magnesium equals about two. It may be regarded

(10)

as the ratio of the amounts of Mg0 condensed at the outer and Inner boundar-

les of the BB' zone.

With substitution of the above equation into the diffusion equations

__w'f — DOLP @9* Q//é)_
Ymat  RT [ Fr(28- /)ﬁj Q/X G

In'regraﬂng the equations one obfalrs

& A o//soé
L‘/”‘Z“ * f[/fﬂ /f/ 5,'_-,7 (12)

s 4 ’3*:“0 P (2812)  off .
b d"‘%-, BT [P lod /)/,7/ 7

(13)

D, P °?‘9*" 2 Pf/a’é’-/)ﬁ;, - ,g

Es 28-.
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x dx rA,
/”'yz [Q (ﬁoa //02 "‘) 0( ',66 # abJ A/J-J (14)

(
Yo'

Combining the above three Iintegrals

fcwf o
5 %Eﬁmz:*%+3 (15)

_We =w+p+V (16)
G7rX4

A possibie apprvach to the solution of the equations wouid be to assume a
value of Wy so that the radiation terms could be calculated and then deter-
mine the Wy from the remainder of the equations. Reiterate until the value
assumed s equal to the value calculated.

A ,é? , and ¥ are positive with the log term dominating, parti-
cularly in oxygen rich afmospheres. Equation 5 used for calculating 70 ‘6/
shows a strong dependence ofﬁ,é upon f) ) C ° Further, it has been shown
that the vaporization temperature of the metal oxide is dependent on partial
pressure of the oxygen present, that l§ﬁ;,6’ . This dependence 'z felt
sfrongiy in the radiation term introduced where the temperature Is raised to
the fourth power. Thus, for metal combustion there is an even stronger de-
pencence of burning rate of the oxygen partial pressure than there is in
liquid droplet combustion.

In the above analysis It was assumed that none of the product oxlde
diffused toward the droplet. There Is some question as to how good this as-

sunption is for varlious substances. Obviously, the droplet represents a
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sink for the oxide. For large droplets (l.e., long overali burning times)
there could be deposition of oxlde on the moiten metai surface, evenbin the
ciass of metals discussed here, and thus the burning rate can be hindered in
the manner described for the metals which sufface react. Another {actor
which could determine the amount of oxide that would dlffuse back to' the
mo|ten surface and thus hinder the burning rate, is the relatlve location of
the burning front to the metal surface. Those metals which would have fronts
closer to the surface than others would be expected to have tie greatest dif-
ficuity from oxide deposition.

It can be seen from the deveiopment above that the burning rate
basically Is controlied by the oxygen diffusion. The temperature gradient
which governs the heat flux from the fiame front to molten metai then adjusts
to give the proper rate. Since the flame temperature is a constant, the re-
iative location of the front depends on the difference between the vaporiza-
tlon temperatures of the oxide and the metai and the heat of vaporization of
the metai. The enthaipy necessary to raise metal to the vaporization temp-
erature is small with respect to the heat of vaporization. Thus those metals
for which TMg is ciose tfo Tﬁ’ should find the fiame front close v the surtace.
Similarly metals with high heats of vaporization should be close to the sur-
face aiso, From Tabie III one would expect that for aluminum where ng is
close to Tﬁ’ that the flame front is close to the surface, and for magnesium
the fliame front shouid be much further from the surface since TMs is much
greater than Tﬁ. Similarly a lithium flame should be very close to the sur-
face because of its high heat of vaporization.

From the above anaiysis |t would foilow then that aiuminum and
lithium wouid show more serious oxide surface cdeposition due to diffusion
than magnesium. One could estimate thls relativeiy from +he.l§‘+n7dafa In

Table III and through discussion given above.




Element

Be
Li
Al
Mg
Na

CeHg

Cp

Solid

.50

TABLE III

HEAT CONTENT TERMS FCR VARIOUS MATALS

M.P

186
660

651

an WM
T°%C Solid cal/gm
Cal/gm
177 32.8
152 95.4
175 88.8
20  27.2

98

* Based on sublimation process

Cp
liquid

.1
.26
.33
.30

.40

BP
T°C
3170
1317
2500
1103
883

80

AH

liquid

cal /gm
1570%
1245
464

150

22

LV

AHpr

cal/gm cal /gr

8355%
4648
2260
1337
1005

94

9930
5100
2970
1750
1290

16

TMo
oc
4000
2300
3500
3100

1300
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V. IGNITION

The balance between a rate of heat production and the rate at which
heat can be removed determines whether a substance wlll ignite and react (46),
In the case of fuel droplets and particularly for metals, this factor is largely

dependent upon how fine is the sub-division, i.e. particle size. Smalier

[

particies have a large surface to voiume ratio, and hence a higher rate of
heat productlion per unit volume, and a lower cooling rate.

1 If the surface area to volume ratio is very large, the conduction

= P O T

of heat from the flame front by the metal particle Is greatly reduced. Heat

loss then is by the relatively slow heat transfer process in a gas. Thus,
neighboring particles of metal reach the ignition temperature with great ra-
. pidity. If finely divided powder |s loosely packed together, the heat loss by
convectlon largely is eilminated and under such conditions of low heat loss,
o spontaneous ignition of metal can occur.

| ) When solid metal rods are used, conduction by the metal rapidly ab-

sorbs large quaniities of heat from the burning front, and littie heat is left
for raising the temperature of the adjacent metal to the ignition temperature.
| Consequently,as with other combustible substances, when in bulk,

metal can be made to burn at a controlled rate, whereas when divided, it wilili

i burn with great vioience,

]
{
|
! In regard to metal particles of widely different sizes flowing in
a combustibie stream, it would appear then that iarge particles wlli take a

longer time to heat to the ignition point, and thus have longer ignition time

than smailer particles. Thus, there wili be a definite size effect in regerd

to Ignition.
The character of the lIgnltlon process is entirely different from
that of the combustion process In that the ignitlon process is most likely

not a diffuslon type flame, but a surface burning phenomena. The transition

'______________. .
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pattern fram a surface ignition process to a diffusion flame has not been
reported. The process is most |ikely something as foilows, The surface re-
acts and the temperature rises sufficiently to vaporize the metal and sub-
sequénf reaction between the hot metal vapor and oxygen proceeds as a dif-
fusion flame. However, if during the ignition process the oxide coats the
surface so that there Is siow burning of the ignifed metal, then radiative
transfer couid vaporlze and ignite neighboring particles which wouid burn as

diffusion flames. However, if the Ignition sources were energetic enough to

vaporize the metal Initialiy, there is no doubt the metal would burn as a
diffusion flame.

Grosse (42) reports that metals can be divided into three classes
according to thelir ignition process. In the first class are those metals
L' that ignlte below their melting point and includes Mg, Ca, Ti, Zr, Mo, Fe,
j . Ca; In the second class are those that ignite above their melting point and
= . include Al, Li, and Na; and, of course, there are those metals that do not

ignite,Hg, Ag, and Pt.

VI. DISCUSSION AND CONCLUSIONS

Throughout the previous sections reference was made to various
practical conclusions that wouid be reached by the description of the metal
burning process proposed here. A more detalled discussion of the various
toplcs will be given here.

One topic of major interest worth further discussion is the tempera-
ture reached in the burning of metals. As previously stated most metals of
interest In propulsion are limited to combustion temperatures which corres-
pond to the vaporization temperature of the higher metal oxide. However,
this temperature varies with the pressure or in the case of a mixture of

gases with the oxygen, or oxldizer, partial pressure. In propulsion systems
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when the metal |Is only a fuel addltlve, a somewhat more complex situatlon
exlsts. Here there are two competing processes. One |s associated wlth

the burning of the fuel and the other wlth the burning of the metal. It Is
proposed that the metal particles burn as diffusion f lames described In
ear|ier sections of the article. If thls Is so, +he'+emperafure of the dlf-
fuslon flame zone surrounding the burning metal particie wlll be dependent
upon the oxygen partlal pressure and thls temperature wi}l be different from
the adlabatic combustion temperature of the complete propellant mixture.
Except under unusual clrcumstances one would expect the dlffusion flame
temperature of the metal to be greater than the adiabatlic flame temperature
of the mixture. The equllibratlon of temperature zones must take place out-
slde the actlve reactlon zone. The avallabllity of oxygen for the metal com-
bustlon In a solld propeliant |s dlfflcult to predict. If the oxldlzer and
hydrocarbon fuel are also burning as a dlffusion flame as |s most llkely In

a composlte propellant (g), then the metal should not flnd too great a defi-
clency of oxygen. Even In homogeneous propellants the various reaction states
taking place would be slow enough that any metal particles added would be able
to compete for oxidlzer. However, one could think of many sltuations, such
as flne metal partlicles added to a premlxed hydrogen-oxygen gas mlxture prlor
to entering a flame front, In which the gaseous fuel would burn wlth much
greater rapidity than metal, The metal would thus burn In a stream depleted
of oxygen and the temperature of the flame around the metal particle would be
lower than if It had burned more completely In the earller stages of the flame.

Obvlously then, when the metal ls an additive to a fuel or a solld

propel lant the situatlon Is most complex. However, In composite solld propel-
lant It would appear to the author that the temperature of the flame surround-
Ing the metal particle would be much greater than the equl|lbrium temperature

and that the posslibllity that radlant energy exchange |s an Important factor
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in determining the burning rate, as suggested by Summerfield (g), Is an ex-
cellent one. Of course, the higher the temperature the more pertinent the
radiaticn term. The higher the radiation term the less s=rnsitive should

be the pressure dependency of the burning rate.

The character of the burning process of substances which contain

metallic elements will vary according to the reaction procedure for complete
oxidization. Consider for an example a metal which falls in the category

TJf>TMg. Such metals when added in elemental form or through a compound

" o - -. e gt V3. s | ‘__-*'—il."‘*. -

which decomposes to give the eiemental form of the metal should have long

burning times and thus couid give poor combustor efficiencies. Boron is a |

typical example. However, if the metallic element could be added in compound |

form such that the compound does not decompose before oxidization, then oxi- |

dization of the compound directly could take place and the elemental burning

. process eliminated. Again taking boron as ar example, if a boron compound ‘

could be oxidized in the same manner as an ordinary hydrocarbon where the ‘

oxygen attaches to the carbon (or boron for the example) before decomposi-

tion (h) the slower burning rate of metal burning for Ty> Tyd Is circumvented.
For the alkylated compounds which do decompose into hydrogen, hydro-

carbon fragments, and the elemerts, then there can be stages of combustion

with the hydrogen burning first, fragments next, and then the metals. As

discussed above, the depletion of oxygen concentration could effect the

R . - G SR v - G  ——

temperature of the metal flame front and the burning rate.

Discussion in the earlier sections led to the conclusion for cer-
tain metals in the group TM52>T“ that the flame front will be close to the
metal surface and consequently there m&y be oxide surface coating due to
diffusion. In a composite solid propellant the flame front is less than
|00 fl from the surface (i) and from Table III one would expect that metal

| flames would be even closer to the surface. Considering this general proxi-
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mity of fiame front to surface, the postulate that certain metals wiil have
less oxlde deposition may be a great oversimplitication. This area may be :
a frultful one for experimental Investigation. The author and his students
are inltlating such experimentai investigations which will be based on burn-
ing of smail dIAmefer metal strands at high oxygen cdncenfra?!ons and total
pressure;. Pressure release during strand burning should quench the flzme
and permlt surface examination by metallurgicai photomicrography. Fiame
front and metal surface separation distance measurements wili be attempted by

optical techniques.

Other experimental investigations will include the measurement of
burning rates of metal strands under various conditions In order to compare
the resuits with the theory which was given ear|ler and which include the |
radiation terms. Relating strand rates to spherical particle rates has re- !
cently been accomplished by Mead (J). Spectroscopic examination of the varl- '
ous zones of the diffusion flame is anticipated and should give most important |

information on the metal combustion process. il
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VIII. NOMENCLATURE

c, = specific heat, cai/gm OC
D = diffusion coefficient, cm?/sec
H = enthaipy, including chemical energy, cai/mole
AQH = sensible heat of fuel, with no subscript then to the

boiling polnt, cai/mole
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AHc = heat of combustion, Btu/lb fuel or Btu/lb (fuel and

oxldizer)

QM= OHsolid + M4 AHyquid + LY, cal/gm

k
Kp
L

hal

2n

)

o O

ReRL

&
(]
6
Subscrlpts
A, B,B', C
f
|
M

MO

thermal conductlvity, cal/gm cm °C

equl !l ibrium constant

latent heat, cal/mole or cal/gm

stoichiometric coefficlent

total number of moles of gases

partial pressure, atm

total pressure, atm

heat of combustion at reference temperature, cal/mole
universal gas constant, cm® atm/ mole

radiant energy terms

surface areas, cm?

fempe?afure, % or %

mass transfer rate, moles/sec
radlus from center of particle, cm
integrals

emisslvity

Stefan-Boltzman constant

heat content ratlo

positlons speclfied In Flgures 3 and 4
fuel

llquid

metal

metal oxide

reference state

25,
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Superscripts
M = melting point

V = vaporization or bolling point
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XI. LIST OF FIGURES

Heat of Combustion in Btu per pound of fuel and oxidizer vg
atomlc number of principal elements, from Carpenter (C).

Heat of combustion in Btu per pound of fuel vs atomic
number of principal elements, from Carpenter (C). é@

Cross-sectional modec! of burning fuel particle, from
Cotfln and Brokaw (37).

Cross-sectional model of burning fuel particle having
high boiling point exhaust product, from Coffin and Brokaw (37).
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